Background: The study of proteins transferred through semen can provide important information for biological questions such as adaptive evolution, the origin of new species and species richness. The objective of this study was to identify seminal fluid proteins (SFPs) that may contribute to the study of the reproductive system of tiger beetles (cicindelids), a group of more than 2,500 species distributed worldwide that occupy a great diversity of habitats. Results: Two cDNA libraries were constructed from the male gonads of Calomera littoralis and Cephalota litorea. Expressed sequence tags (ESTs) were analysed by bioinformatics approaches and 14 unigenes were selected as candidate SFPs, which were submitted to Reverse Transcription Polymerase Chain Reaction (RT-PCR) to identify patterns of tissue-specific expression. We have identified four novel putative SFPs of cicindelids, of which similarity searches did not show homologues with known function. However, two of the protein classes (immune response and hormone) predicted by Protfun are similar to SFPs reported in other insects. Searches for homology in other cicindelids showed one lineage specific SFPs (rapidly evolving proteins), only present in the closely related species C. littoralis and Lophyra flexuosa and two conserved SFP present in other tiger beetles species tested.
Background
Tiger beetles or cicindelids belong to the Adephaga, a suborder of Coleoptera that includes conspicuous, brightly coloured, non-pest species that are significant components of ecosystems, being important links in food chains. Cicindelids are organisms that are commonly used as bioindicators, as their presence or absence can provide information on the quality, alterations and successional stage of habitats, and are considered to be good bioindicators of general biodiversity [1] [2] [3] [4] [5] . There have been more than 2,500 species of cicindelid beetles described [6] , which are distributed worldwide (except for Tasmania, Antarctica, and some Oceanic islands) and occupy a great diversity of habitats (alpine meadows, dessert grassland, among others) [7, 8] . Nevertheless, they do not show a homogenous pattern of distribution with relation to latitude or biogeography [6] and species tend to specialise in particular habitats [1] . They have several mechanisms or adaptations to reduce competition and contribute to maintain species richness; seasonal temporal segregation (life cycles), spatial segregation (differences in habitat or microhabitats preferences) [9] and temporal partitioning on the diel scale (diel activity patterns) have been previously studied as the most common strategies.
Tiger beetles have been deeply studied at different levels: (i) morphology [10] , (ii) taxonomy [11] [12] [13] , (iii) biology [7, 14] , (iv) physiology [15, 16] , (v) thermoregulation [17] , (vi) evolution, ecology and diversity [18] , (vii) chromosome evolution [19] and (viii) conservation strategies [2] . Nevertheless, the reproductive biology has not been studied, on physiological or molecular grounds, and little information on the transcriptome and gene expression related to physiological processes is available. The transcriptome analysis is an important tool to help identifying putative function of genes, translating the sequence of nucleotides in a sequence of amino acids, which is more likely to be conserved [20, 21] . In addition, the availability of a variety of bioinformatics tools allows the characterisation of these genes [22] .
Some studies show that proteins with high expression levels in male reproductive tissues and with characteristics that meet the criteria of extracellular secretion, are good candidates to be considered as seminal fluid proteins (SFPs) [23] [24] [25] [26] [27] . The seminal fluid of insects contains sperm and a complex mixture of proteins, inorganic solutes, carbohydrates and lipids that are transferred to females during mating via the spermatophore. These proteins, which are produced in male gonads (testes, vas deferens and accessory glands), are important in the reproduction process by inducing physiological and behavioural changes in females, reducing responsiveness to other males, increasing the ovulation and egg laying rates, and altering feeding activity and also immune response [28] [29] [30] .
The study of proteins transferred through the semen provides information for important biological questions such as the origin of new species and the origin of new molecules involved in sperm competition and coevolution between males and females [29, [31] [32] [33] [34] [35] [36] . Seminal fluid proteins have two characteristics that according to several theoretical models might lead to speciation. i) These proteins are related with sexual selection and sexual conflict and ii) the rapid evolutionary rate of these proteins may also contribute to the evolution of reproductive barriers between populations. Furthermore, there is experimental evidences indicating a correlation between features that undergo the action of sexual selection and the speciation process [37] [38] [39] .
In addition, several studies have demonstrated that many of these SFPs have similar characteristics to those found in the taxonomically restricted genes (TRGs), such as high evolutionary rate and low similarity between closely related species [25, 29, 40, 41] . According to Avila et al., the analysis of SFPs provides insight into the evolutionary patterns of reproductive traits [30] . Therefore, a better understanding of cicindelid reproductive molecules and their actions provides opportunities to reveal functionally conserved mechanism in cicindelids reproduction (highly conserved SFPs), as well as mechanisms involved in the reproductive isolation between species (lineage-specific SFPs) as a subset of seminal proteins is among the most rapidly evolving proteins [42] [43] [44] [45] .
To date, several SFPs have been described in insects, such as flies and mosquitoes (Diptera), field crickets (Orthoptera), honeybee (Hymenoptera), moths and butterflies (Lepidoptera) and in the beetle genus Tribolium [25, 26, [45] [46] [47] [48] [49] [50] . Apart from the Polyphagan genus Tribolium, which is considered a model organism, no other species of beetles have been analysed for these proteins.
The aim of this study was to identify and characterise genes encoding proteins that are transferred to females during mating through seminal fluids in Cicindelids to contribute to the knowledge of the nature and function of insect SFPs and particularly in this ecologically important group of Adephagan beetles. To identify these proteins, EST libraries from gonads and accessory glands of male Calomera littoralis and Cephalota litorea were made and bioinformatically analysed. Proteins selected as candidate SFPs were submitted to gene expression analysis in female and male tissues. The complete sequence of genes showing differential expression patterns was obtained and the prediction of the function was inferred either by comparing with other insects or based on the sequence properties. Searches for homology of these putative SFP were performed in other cicidelid species. This work represents the first characterisation of putative SFP in Adephagan beetles.
Results and discussion

Library construction and EST assembly
Two separate cDNA libraries were constructed from RNA extracted from reproductive tissues (testes and accessory glands) of two males C. littoralis and one male of C. litorea. A total of 1,144 EST sequences were generated; 568 clones were sequenced from the C. littoralis library and 576 clones were sequenced from C. litorea. These sequences were trimmed for the removal of vector sequences and sequences <100 bp were excluded by Seqman (DNAstar, Inc. Madison, WI). EST sequences with high quality were previously deposited in GenBank under the following accession numbers: C. litorea (CV156657: CV157115) and C. littoralis (CV157116: CV157483). The high quality sequences of C. littoralis were assembled to 101 contigs (two or more sequences) and 84 singletons (single sequence), and C. litorea ESTs were assembled to 154 contigs and 58 singletons. Each cDNA library had a minimum average inset size ranging from 114 to 1,245 bp in C. littoralis, and from 139 to 1,246 in C. litorea library. The maximum number of ESTs that formed each contig was 15 ESTs in C. littoralis and 18 ESTs in C. litorea (Table 1) .
Annotation -gene ontology
Blast2GO software showed that 82 contigs of C. litorea and 72 contigs of C. littoralis had no blast hits against the non-redundant protein database at National Center for Biotechnology Information (NCBI). The annotation of the 64 ESTs of C. litorea and 75 ESTs from C. littoralis were designated by database search algorithms BlastX for proteins in the NCBI web server ( Table 2) . Additionally, gene ontology annotations of all contigs were performed using Blast2GO.
Annotated sequences were classified according to their gene ontology (GO) into three categories: biological process, molecular function and cellular component ( Fig. 1, 2 and 3 ). The proportions of genes associated with the different categories were highly similar among the two libraries; it is important to note that a sequence could be included in different categories and be associated to multiple GO. Within the category "Cellular Component", the subcategories "cellular" and "organelle" were the most abundant in both libraries. However, the "extracellular" subcategory, where putative SFPs should be included, was not present in the analysis performed, and no sequences were annotated as SFPs. This could be due to both the low number of ESTs obtained in the cicindelid libraries and to the small number of Coleopteran libraries available for comparisons.
Identification of putative SFPs
Nine genes putatively encoding SFPs were identified in C. littoralis and five in C. litorea by indirect approaches (Table 3) . Candidate genes were selected after detection of one or more of the following characteristics i) the presence of a computationally predicted signal peptide inferred via Signal P 4.1 software [51, 52] , ii) its localisation as extracellular and/or with plasma membrane destination inferred via ProtComp , iii) the recognition of a membrane helix inferred via TMHMM (InterproScan).
Of the 14 candidates, it was only possible to design useful RT-PCR primers for 12 (C. littoralis: eight and C. litorea: four). Tissue-specific expression patterns were obtained in the 12 available candidates. RT-PCR revealed strong amplification from the male abdomen but weak or not expression in female abdomens and male thoraxes in four of the genes (C. littoralis: AcpC01, AcpC02 and AcpC03 and C. litorea: AcpC04). The positive control gene (arginine kinase) amplified in all tissues (Fig. 4) . The identification of an extracellular component and the tissue-specific patterns of expression found in these four genes suggest that they encode seminal fluid proteins. The other eight candidate genes with an identified extracellular component did not show any differential expression; some studies have demonstrated that not all SFPs have robust expression in male reproductive glands [29, 40] , which could explain the low number of putative SFPs characterised in the present survey.
SFP characterisation
Full length sequences and complete Open Reading Frames (ORFs) were obtained via Rapid amplification of cDNA ends PCR (RACE-PCR) for the four putative SFPs. Sizes ranged from 66 to 218 amino acids, which is in agreement with ACPs characterised in Drosophila [53] and references therein. Sequences are available in GenBank (KP164546-KP164549). Two of these proteins (AcpC01 and AcpC02) did not show any significant BlastX similarity (E-value > 10 −4 ) against GenBank proteins, and appear to be novel proteins (Table 4) . However, the protein AcpC01 yielded a similarity close to 30 % with two seminal fluid proteins (HACP050: Heliconius hereto and CSSFP014: Chilo suppressalis). This similarity, although low, may be a sign of the high evolutionary rates documented for some of these SFPs [43, 45, [54] [55] [56] . The proteins AcpC03 and AcpC04 showed similarity to sequences from Drosophila yakuba and D. mojavensis, respectively, which have not yet been characterised. Searches against several other insect genomes, run in Flybase, yielded the same results.
Additionally, we tried to determine protein structure (3D fold) using PHYRE protein fold recognition metaserver and protein domains using InterProScan software. PHYRE did not yield consistent results for any of the genes tested. This approach, which proves the annotation in the tertiary structure of the proteins, was useful to annotate Drosophila SFPs [44] , suggesting that candidate cicindelid SFPs do not meet the criteria found in Drosophila, due to differences in the structure and/or function.
In the AcpC03 gene, a Single domain von Willebrand factor type C (SVWC) was detected via InterProScan. SVWC family proteins, which are largely present in arthropods, normally contain ten cysteines, and are thought to respond to environmental challenges, such as bacterial infection and nutritional status [57, 58] . Several studies have pointed out that SFPs may be involved in the immune work that 40 % of accessory gland proteins appear to be peptide hormones or prohormones [63] , and in Drosophila melanogaster ACP26Aa SFP was found to have similarity with califin C, a hormone from Aplysia californica [64] which is involved in the egg-laying process [65] . This could be an example of how a function assignment based on the sequence and structure similarity (InterproScan) could actually be different from a function assignment based not only on the structure but also on the physical/ chemical and functional biological properties (Protfun). In other words, a conserved structure of a protein does not ensure a conserved function [66] . Finally, analysis with Protfun identified the gene AcpC01 to be an immune response protein. The other analyses did not assign a function to this protein based on similarity searches. However, Protfun analysis based on amino acidderived input features did identify a function for this protein. This could be explained when considering the AcpC01gene as a novel putative SFP class that is either present only in tiger beetles (taxonomically restricted gene) or has not yet been characterised in other insects. The protein AcpC04 was identified as a transcription regulation factor by Protfun and also has similarities in Flybase and GenBank with a non-characterised protein in D. mojavensis. Although transcription regulation factors are not included within the described protein classes of SFP across animals [63] , AcpC04 meets the requirements to be considered an SFP; therefore, further genetic studies may corroborate the biological function of this protein in tiger beetles. A similar consideration can be made in relation to the protein AcpC02, which according to the ontogenetic categories, is considered to be a growth factor by Protfun, although in this case, no homology has been found in the databases.
Homology in cicindelid species
RT-PCR and RACE-PCR primers were used in an attempt to amplify homologous sequences in the available cicindelid species (C. litorea, C. littoralis, Lophyra flexuosa, Cephalota maura, Cephalota deserticoloides and Cylindera trisignata). The AcpC04 gene, found originally in C. litorea, yielded homologous sequences in male abdomens of all of the analysed species (Fig. 5 ). This result is not surprising considering that although SFP are considered to have high evolutionary rate and low similarity between closely related species [25, 29, 40, 41] , not all SFPs evolve rapidly and some loci are conserved between divergent taxa [25] . In this line of evidence, AcpC01 showed clear amplification in C. litorea, C. littoralis, L. flexuosa and C. deserticoloides, although weak signal in C. trisignata and no signal at all in C. maura. This result is coherent with the phylogenetic relationships obtained using cytochrome oxidase I gene (COI) (unpublished data) with the cicindelid species under study (Fig. 6) . In fact C. maura is the most distantly related species. However, AcpC03 showed amplification only in male abdomens of L. flexuosa (Fig. 5) . The phylogenetic tree (Fig. 6) showed that C. littoralis and L. flexuosa are closely related species. This close relationship could explain why these putative SFPs obtained from C. littoralis were also found in L. flexuosa. The lack of amplification in the other cicindelid species tested might be interpreted as a consequence of the rapid evolution that is generally considered for SFPs [42, 43, 45, [54] [55] [56] 67] . AcpC02 showed amplification in C. littoralis and C. deserticoloides with the RACE-PCR primers, but using the RT-PCR primers only C. littoralis gave positive results. However the detection of this gene in these two species suggest that it might be present in the most recent common ancestor of these two species, although with the primer pairs used was not detected.
Conclusions
Two cDNA libraries were constructed from gonads of C. littoralis and C. litorea as a foundation to understanding the male reproductive system. A total of 568 and 576 ESTs were sequenced and analysed, assembled in 185 and 212 unigenes, respectively. Also, 75 and 64 contigs were annotated via Blast2go and no SFPs were found. We have identified 14 putative SFPs by bioinformatics analysis and found that four of them met the criteria of tissue-specific expression patterns, which led to them being considered as putative SFP. Functional annotation was difficult due to the fact that the four SFPs either do not show homology via similarity searches or reassemble with sequences whose function is unknown; only Interpro assigns a function in the immune response for AcpC03, as occurs with others insect SFPs. The predicted assignment of function via Protfun for AcpC01 and AcpC03 was immune response and hormone, respectively; these protein functions are included within the conserved protein classes of SFPs that have already been reported in several insect species. Searches for homology in other cicindelids showed that AcpC03 is Yes/Dmoj/GI12127-PA NA NA Transcription regulation
The homologies and different functions assigned by the different software packages used are indicated only present in C. littoralis and Lophyra flexuosa, species which have a close phylogenetic relationship. SFPs are among the most rapidly evolving proteins and therefore this new putative SPF might represent a linage-specific SFP involved in reproductive isolation between species. In contrast, AcpC04 is present in all cicindelid species analysed here, and could be an example of a highly conserved SFP, at least in tiger beetles. The same can be said about AcpC01, with is present in all species tested except for the most distantly related species C. maura. This work represents the first identification of putative SFPs in tiger beetles that are one of the best studied worldwide distributed non-pest insects (more than 2,500 species described), are important in ecosystems as predators and are commonly used as bioindicators. The identification of cicindelid SFPs (both the rapidly evolving and the highly conserved) could represent a significant approach for understanding the male reproductive system in cicindelids and furthermore the species richness and adaptive evolution in Adephagan beetles.
Methods
Library construction and EST assembly Tiger beetles
Two cDNA libraries were constructed from male reproductive tissue (testes and accessory glands) of two Calomera littoralis males and a Cephalota litorea male. The developmental stage of the testes was that of sexually mature males with the final half of the testes full of spermatozoa (pearl white colour) and the anterior part with active meiosis (transparent white colour). Reproductive tissues were extracted and preserved in RNAlater (Qiagen, Crawley, UK) and stored at −20°C prior to extraction.
cDNA libraries
According to the manufacturer's instructions, total RNA was precipitated using the RNeasy Protect Mini Kit (Qiagen, Crawley, UK). The RNA sample concentrations were quantified by spectrometry. mRNA was purified using the Oligotex ARNm mini kit (Qiagen, Crawley, UK). The BD SMART PCR cDNA Synthesis kit (BD Biosciences) was used for cDNA libraries construction. The first strand was synthesised using BD PowerScript Reverse Transcriptase, the SMART IIA Oligonucleotide and the CDS IIA primer provided in the kit. The double-stranded cDNA was synthesised by PCR and purified using Micropure-EZ (Millipore). The cDNA products were analysed using agarose gel electrophoresis to determine their quality before cloning. cDNA was ligated into a TOPO vector and was transformed by TOPO TA cloning (Invitrogen) using TOP10 chemically 
Annotation -gene ontology
The Seqman module of DNAStar (ver. Madison, WI) was used to remove the vector sequence, trim ends using program defaults and assemble sequences. Assembling parameters were: 80 % for minimal match percentage, 100 for minimal sequence length, 0 for gap penalty, and 0. 7 for gap length penalty. Assembled sequences (contigs and singletons) were subjected to a similarity search for assigned putative protein functions using BlastX of the Blast2GO v2.5.0 software [68] with 10 −3 for the cut-off E-value. BlastX reference was used from the non-redundant protein database of GenBank in the NCBI.
Gene ontology enrichment analysis was performed with Blast2GO mapping to determine protein functions in biological processes.
Identification of putative SFP
Indirect strategies based on bioinformatics tools were previously employed in insects to identify putative SFP unigenes [25, 27, 40, 69] . First, ORF of each unigene generated in Orfinder (http://www.ncbi.nlm.nih.gov/ gorf/gorf.html) were selected and SignalP 4.1 [70] software was used to identify a predicted signal peptide.
Additionally, integral prediction of protein location was analysed by ProtComp v9 software (http://www.softberry.com) and TMHMM tool in InterProScan [71] was used to determine the presence of a membrane helix. Those candidate genes with similar predicted functions to known SFPs (extracellular and/or with membrane destination, as the signal peptide can sometimes be recognised as a membrane helix) were also selected.
Second, patterns of tissue-specific expression were examined for each candidate SFP via RT-PCR. PCR primers were designed with PrimerExpress 3.0 (Applied Biosystems) ( Table 5 ). Total RNA was isolated from the male abdomen, male thorax (pronotum) and female abdomen, in three males and three females of C. littoralis and C. litorea. RNA was extracted using the RNeasy Protect Mini Kit (Qiagen) following the manufacturer's protocol. Around 1,2 μg of each RNA extraction were treated with TURBO DNA free (Ambion, Life Technologies) and reverse-transcribed using the QuantiTect Reverse Transcription kit (Qiagen). One μl of a ten-fold dilution of cDNA was used as template for a 12,5 μl RT-PCR experiments. PCR was performed using the following cycling parameters: one cycle of 2 min at 96°C, 35 cycles of 30 s at 96°C, 30 s at 60°C and 1 min at 72°C, and a final extension of 10 min at 72°C. The arginine kinase gene (AK) was used as a positive control using in this case cDNA and also RNA (DNAse treated) to discard genomic DNA amplification. PCR amplicons were electrophoresed on agarose gel with RedSafe™ (INTRON Biotechnologies, Korea). 
RT_F4 5′-GCTATTTCCCGTGCGTTCAG-3′ 100 RT_R4 5′-CGGAGATCTCGTCTGCGTTT-3′
SFP characterisation
The SMARTer™ RACE cDNA Amplification Kit (Clontech Laboratories, Inc. Kyoto, Japan) was used to obtain the full length cDNA sequences. Total RNA from one C. littoralis male and one C. litorea male was used to obtain the first strand of 3′ and 5′ RACE Ready CDNA. Gene-specific primers for 5′ and 3′ RACE were designed ( Table 5 ). The synthesis of first strand cDNA was performed following PCR conditions, as indicated the manufacturer's instructions. The amplification products were sequenced in triplicate by SAI at the University of Murcia (Spain) using an ABI Prism 3,130 Sequencer (Applied Biosystems) and assembled by GENEIOUS v5 [72] to obtain the complete cDNA sequence. The complete ORFs derivate from the full length sequences were generated in Orfinder (http://www.ncbi.nlm. nih.gov/gorf/gorf.html) and were used as queries in BlastX to search for homologues in other species with an e-value cut-off of 10 −4 and identities >30 %. We also searched for similarity between our putative SFPs and other known insect proteins using Flybase [73] . Additionally, protein domains were searched again using InterProScan [74] and sequences were submitted to the PHYRE protein fold recognition server [75] to generate the protein structure.
Sequences were submitted to ProtFun 2.2 Server (http://www.cbs.dtu.dk/services/ProtFun/) for analysis of the GO ontology to predict function based on amino acid sequence-derived input features (physical/chemical and functional biological properties) such as predicted protein secondary structure, transmembrane helices, subcellular localisation and post-transcriptional modifications [66] .
Homology in cicindelid species
To determine the presence/absence of these putative SFPs in other species, total RNA was extracted from the abdomen of two males and the abdomen of two females of the following species: Lophyra flexuosa, Cephalota maura, Cephalota deserticoloides and Cylindera trisignata. RNA was extracted using the RNeasy Protect Mini Kit (Qiagen) following the manufacturer's instructions. For each tissue type around 1, 2 μg of Extracted RNA was treated with TURBO DNA free (Ambion, Life Technologies) to remove DNA contamination, and reverse-transcribed using the QuantiTect Reverse Transcription kit (Qiagen). RACE-PCR and RT-PCR primers that had been previously designed (Table 5) were tested in all of the available samples under the same conditions previously described for each PCR reaction. The arginine kinase gene (AK) was used as a positive control using cDNA and RNA.
